Immature or B capsids of herpes simplex virus type 1 (HSV-1) are composed of seven proteins encoded by six viral genes. The proteins encoded by UL18 (VP23), UL19 (VP5), UL35 (VP26) and UL38 (VP19C) are components of the outer capsid shell whereas those specified by UL26 (VP21 and VP24) and UL26.5 (VP22a), are involved in scaffold formation. We have used a panel of recombinant baculoviruses, each expressing one of the capsid protein genes, to examine the requirements for capsid assembly. Coexpression of the six genes in insect cells resulted in the formation of capsids that were indistinguishable in appearance and protein composition from those made during HSV-1 infection of mammalian cells. This demonstrates that the proteins encoded by the known capsid genes contain all the structural information necessary for capsid assembly and that other virus-encoded proteins are not required for this process. Omission of single recombinant baculoviruses from this system allowed the role of individual HSV-1 proteins in capsid assembly to be determined. Thus, capsid assembly did not take place in the absence ofVP23, VP5 or VP19C, whereas lack of VP26 had no discernible effect on capsid formation. Capsids assembled in the absence of the UL26 gene products had a large-cored phenotype resembling that previously described for the HSV-1 mutant tsl201 which has a lesion in this gene. Some apparently intact capsid shells were also made in the absence of the major scaffolding protein, VP22a, whereas the omission of both UL26 and UL26.5 resulted in the appearance of large numbers of partial and deformed capsid shells.
Introduction
The herpesvirus capsid forms a characteristic feature in electron micrographs of the virion and of infected cells. Its most obvious component is the outer shell which has an external diameter of 125 nm and an internal diameter of 90 nm (Schrag et al., 1989; Baker et al., 1990; Booy et al., 1991) . This has the form of a regular icosahedron consisting of 150 hexons with 12 pentons at the icosahedral vertices. Three types of capsid can be resolved on gradients (Gibson & Roizman, 1972) . These are empty, or A, capsids which have no internal structure, intermediate, or B, capsids which possess a proteinaceous internal scaffold and full, or C, capsids which contain the viral DNA.
The HSV-1 capsid is composed of seven proteins which are the products of six genes (see Rixon, 1993) . The genes encoding the capsid proteins are UL18 (encoding VP23 of M r 33K), UL19 (VP5; M r 155K), UL26 (VP24; M r 25K and VP21; M r 42K), UL26.5 (VP22a; M r 40K), UL35 (VP26; M r 12K) and UL38 (VP19C; M r 53K). VP5, VP19C, VP23, VP24 and VP26 are present in all capsid types, whereas VP21 and VP22a form the internal scaffold of B capsids (Gibson & Roizman, 1972; and are removed during capsid maturation (Rixon et al., 1988; Sherman & Bachenheimer, 1988) . The major components of the capsid shell are the hexons and pentons. These are predominantly composed of VP5 (Schrag et al., 1989; Trus et al., 1992; Newcomb et al., 1993) which constitutes 60 to 70 % by mass of the A capsids . Not surprisingly VP5 is essential for capsid assembly (Weller et al., 1987; Desai et al., 1993) . VP19C and VP23 are believed to form the trivalent connections which link adjacent capsomers (Newcomb et al., 1993) and both of these proteins are required for capsid assembly (Pertuiset et al., 1989; Desai et al., 1993) . VP26 can be removed without affecting capsid stability (Newcomb et al., 1993) . However, no mutants in UL35 have been described so its role in the morphogenesis of virions is unknown.
VP24 is a minor capsid component which is related to the scaffolding proteins, VP21 and VP22a, in an interesting fashion. These three proteins are encoded by two overlapping genes, UL26 (VP21 and VP24) and UL26.5 (VP22a) (Liu & Roizman, 1991 a) . The UL26.5 open reading frame (ORF) is in frame with and corresponds to the 3' portion of the UL26 ORF. The UL26 protein is a protease (Liu & Roizman, 1991b Preston et al., 1992) which is required for the maturational cleavage of the full-length UL26.5 product to give VP22a and which also cleaves itself at an internal position into C-terminal (VP21 ; Person et al., 1993) and N-terminal (VP24; Davison et al., 1992; Weinheimer et al., 1993) fragments. This cleavage occurs 59 residues upstream from the VP22a initiation codon . Thus, VP21 is effectively a slightly longer version of VP22a but VP24 represents a unique species. The reasons for this unusual arrangement are unknown but a similar relationship has been described for the scaffold protein and protease in human cytomegalovirus (Welch et al., 1991) . Studies with an HSV-1 mutant, tsl201, which has reduced protease activity at nonpermissive temperatures, seem to indicate that maturational cleavage can occur after capsid assembly (Preston et al., 1983) . Conversely, expression of the isolated genes has shown that assembly into capsids is not required for normal cleavage to occur (Liu & Roizman, 1991b; Welch et al., 1991; Deckman et al., 1992; Preston et al., 1992) .
Although still relatively poorly understood, the steps in capsid maturation subsequent to B capsid assembly have been extensively examined. B capsids are believed to be the precursors of C capsids and probably of A capsids (Perdue et al., 1976; Preston et al., 1983) . Formation of C capsids is the result of DNA packaging which is accompanied by removal of the internal scaffold with concomitant loss of VP21 and VP22a. A capsids are believed to be the products of abortive packaging. In contrast, very little is known about the steps preceding B capsid assembly. We have recently shown that the essential proteins VP5 and VP23 are not transported to the nucleus in the absence of VP22a and VP19C (Nicholson et al., 1994) . This suggests that formation of complexes between these proteins is an important early stage in capsid assembly. However, the precise nature of such complexes is not known.
For a number of viruses, the study of virion structure and assembly has been greatly facilitated by expressing the structural proteins using virus vectors and bacterial expression systems. Baculovirus vectors have proved particularly useful as a means of achieving apparently normal particle assembly in a defined system. In this paper, we describe the cloning of the HSV-1 capsid protein genes into baculovirus vectors and their use in analysing the constraints on HSV capsid assembly.
Methods
Cells and virus. HSV-1 strain 17 (Brown et al., 1973) and tsl201 (Preston et al., 1983) were grown in BHK-21 C13 cells cultured in Glasgow modified Eagle's medium supplemented with 10% tryptose phosphate and 10 % newborn calf serum (ETC10).
Two parental baculoviruses were used: the wild-type Autographa californica nuclear polyhedrosis virus strains AcNPV and AcPAK6, a polyhedrin-negative derivative which has the fl-galactosidase gene under the control of the polyhedrin promoter (Bishop, 1992) . AcPAK6 was a gift from R. Possee. Recombinant and parental baculoviruses were grown at 28 °C in Spodopterafrugiperda (Sf21) cells cultured in TC 100 medium (Gibco/BRL) supplemented with 5 % fetal calf serum (FCS).
Radioactive labelling. For labelling baculovirus proteins, 35 mm plates of Sf21 cells were infected with 5 p.f.u./cell of the appropriate viruses. At 30 h post-infection (p.i.), the medium was removed and replaced with TC 100 medium containing 1/10th the normal methionine concentration, supplemented with 0.5 % FCS (TC0.5) and containing 30 gCi/ml [35S]methionine. Alter 2 or 18 h, the cells were harvested, washed in PBS and resuspended in 150 gl of denaturing buffer (Marsden et al., 1976) . Samples (15 ~tl) were analysed by SDS-PAGE.
Gel electrophoresis. SDS polyacrylamide gels were run essentially as described by Marsden et al. (1976) . For single concentration gels the acrylamide:bisacrylamide ratio was 39:1 whereas gradient gels were used at an acrylamide: bisacrylamide ratio of 19 : 1. Gels were fixed and treated with EN3HANCE (DuPont) before being dried and exposed for autoradiography.
Capsid purification. To prepare labelled capsids from baculovirusinfected cells, 150 ml suspension cultures of Sf21 cells were infected with 10 p.f.u./cell of each of the appropriate baculoviruses. At 30 h p.i. cells were collected by centrifugation and resuspended in 150 ml of TC0.5 containing 30 gCi/ml of [zSS]methionine and incubation was continued for a further 18 h. Capsids were isolated using a modification of the method of Booy et al. (1991) . Briefly, cells were harvested by centrifugation, incubated in 25 ml ice cold PBS containing 1% Nonidet-P40 for 10 min and the nuclei were collected by centrifugation at 1400 g for 10 min. Nuclei were resuspended in 500 lal of 0.5 M-NaC1, 20mM-Tris-HC1 pH 7.4, I mM-EDTA (NTE), disrupted using a Branson soniprobe and the debris was pelleted at 1400 g for 10 min. The supernatant was layered onto a 12 ml gradient of 5 to 40 % (w/w) sucrose in NTE and centrifuged at 40000 r.p.m, in a Sorvall TsT41 rotor for 20 min. Eight-drop fractions were collected by dripping the gradient through an 18-gauge needle and the positions of the labelled capsid bands were determined following TCA precipitation and scintillation counting.
To prepare labelled HSV-1 capsids, fully confluent BHK cells in 80 oz plastic roller bottles were infected with 0.001 p.f.u./cell of HSV-1 and incubated at 31 °C in ETC10. After 2 days the culture medium was removed and replaced with Eagle's medium having 20 % of the usual concentration of L-methionine, supplemented with 2 % newborn calf serum and containing 10 gCi/ml [zSS]methionine. HSV-1 capsids were purified using the procedure described above.
Electron microscopy ofcapsids. Gradient fractions containing capsids were pooled, diluted 10-fold with NTE and centrifuged at 24000 r.p.m. in a Sorvall TsT41 rotor for 1 h. The capsid pellet was resuspended in 100 gl of NTE by sonication in a QH Kerry sonifier bath. Samples (2 pl) were adsorbed onto parlodion-coated microscope grids, stained with 1% sodium silicotungstate and examined in a JeoI I00S electron microscope.
Electron microscopy of cells. Electron microscopy of thin sections was performed essentially as described previously (Preston et al., 1983) .
Construction of transfer plasmids.
To express the HSV-1 capsid genes in baculovirus, the coding sequences were placed under the control of baculovirus transcriptional promoter and terminator signals. To do this we made use of the transfer plasmids pAcYMI (Matsuura et al., 1987) and pAcCL29.1 (Livingstone & Jones, 1989) , which contain cloning sites flanked by the polyhedrin promoter and terminator sequences.
All positions given here refer to the HSV-1 strain 17 DNA sequence in McGeoch et al. (1988) .
(i) UL18. The UL18 ORF had previously been cloned as a Narl fragment in the plasmid pMJ521 (Nicholson et al., 1994) . A 1340 bp fragment containing the UL18 ORF was released from pMJ521 by digestion with BamHI and SalI and ligated into BamHI/SalI-digested pT3T7 18U (Pharmacia) to give pT318. The SalI site in pT318 was converted to a KpnI site to give pJT181. The UL18 ORF was released from pJTl81 by digestion with BamHI and KpnI and ligated into BamHI/KpnI-digested pAcCL29.1 to give pJT182.
(ii) UL19. Cloning of the plasmid pJN6, which contains the UL19 ORF flanked by BglII sites, is described elsewhere (Nicholson et al., 1994) . The UL19 ORF was released from pJN6 by digestion with BglII and ligated into BamHI-digested pAcYM 1. One clone with the insert in the correct orientation (pBJ199) was selected for further use.
(iii) UL35. The UL35 0 R F extends from the ATG at positiou T0 566 to the TGA termination codon at position 70 902. Two oligonucleotides were used as primers in polymerase chain reactions. Oligo 1 corresponded to the first 20 bases of the ORF (70566 to 70586) and oligo 2 to 20 bases downstream from the termination codon (70912 to 70932). To facilitate cloning, a KpnI site was incorporated at the 5' end of oligo 1 (sequence TCCGGTACCGATGGCCGTCCCGCA-ATTTCA) and a BamHI site at the 5' end of oligo 2 (sequence GAGGATCCAACACCCCAGAAGGAACTCC). The 369 bp product was purified from a 1% agarose gel, cleaved with KpnI and BamHI and inserted into KpnI/BamHl-digested pAcCL29.1 to give pJT352. The fidelity of the cloned insert was confirmed by DNA sequencing.
(iv) UL38. The UL38 ORF, which extends from the ATG at position 84531 to the TGA termination codon at position 85926, is present on the HindIII k fragment in plasmid pGX79. HincII digestion of pGX79 releases UL38 on a 2888 bp fragment which was inserted into the HincII site ofpUC18 to give pBJ381, pBJ381 was digested with HincII and NruI which cut at 85998 and 84515 respectively. The 1482 bp fragment containing the UL38 ORF was inserted into the HincII site of pUC18 and a clone with the insert in the appropriate orientation was selected (pBJ 182). UL38 was released from pBJ382 by digestion with BamHI and PstI and ligated into BamHI/PstI-digested pAcCL29.1 to give pJT381.
(v) UL26 and UL26.5. The cloning of the UL26 and UL26.50RFs and their introduction into baculovirus to give AcUL26 and AcUL26.5 were performed separately and will be described elsewhere (V. G. Preston, unpublished data). Briefly, the U L 2 6 . 5 0 R F present on pGX239 (Preston et al., 1992) was flanked with BglII sites and cloned into the BglII site ofpAcCL29.1B (a derivative ofpAcCL29.1 with the SmaI site converted to a BglII site). The UL26 ORF was cloned between the NlaIII site at position 50811 and the KpnI site at position 52736 (Nicholson, 1992) , flanked with Bglll sites and inserted into pAeCL29, lB.
Selection ofrecomb&ant baculoviruses. AcPAK6 DNA was prepared as described by King & Possee (1992) . The transfection procedure used a synthetic lipid reagent prepared according to the method of Rose et al. (1991) and was performed essentially as described in Nicholson et al. (1994) . Lipofections were performed on 70 % confluent monolayers of Sf21 cells using 0.5 gg of AcPAK6 DNA mixed with 2 to 5 gg of transfer vector DNA in a final volume of 2 ml of Opti-MEM (Gibco/BRL). After 5 h incubation at 28 °C, 2 ml of TC100 (+ 5 % FCS) was added and incubation was continued at 28 °C for a further 48 h. Supernatant media were harvested and progeny virus titres were determined by plaque assay (Brown & Faulkner, 1977) . Putative recombinants were selected on the basis of lacZ-negative phenotype. After a further round of plaque purification, high titre (108 p.f.u./cell) virus stocks were prepared. Viruses recombinant for the HSV-1 genes UL18, UL19, UL35 and UL38 will be referred to as AcUL18, AcUL19, AcUL35 and AcUL38 respectively.
Results

Expression of HSV-1 capsid proteins by recombinant baculoviruses
To examine protein expression by the recombinant baculoviruses, monolayers of Sf21 cells were singly infected with 5 p.f.u./cell ofAcUL18, AcUL19, AcUL26, AcUL26.5, AcUL35 or AcUL38. At 30h p.i.
[35S]methionine was added and the cells were harvested after a further 2 h incubation. Mock-infected and AcPAK6-infected control samples were treated in a similar fashion. Examination of the protein profiles (Fig.  1) revealed that the M r l16K ]~-galactosidase protein expressed by the parental virus, AcPAK6, was absent from the recombinant baculovirus-infected cell profiles. Furthermore, each of the recombinant baculoviruses expressed novel proteins which were not present in AcPAK6-infected cells. The sizes of these novel proteins corresponded to those expected for the appropriate genes and in most cases they comigrated with their counterpart proteins in HSV-1 capsids purified from HSV-l-infected BHK cells (Fig. l, lanes 8 and 12) . Thus AcUL18 expressed an Mr 33K protein corresponding to VP23 ( Fig. 1, lane 3) , AcUL19 expressed an M r 155K protein corresponding to VP5 (Fig. 1, lane 4) , AcUL38 expressed an M r 53K protein corresponding to VP19C (Fig. 1, lane  7) and AcUL35 expressed an M r 12K protein corresponding to VP26 (Fig. 1, lane 11) . As has been shown previously the product of the UL26 gene is a protease which cleaves itself and the product of gene UL26.5 to generate a number of protein species. Thus in the single infections described here the novel proteins present in AcUL26.5-infected cells (Fig. 1, lane 6) correspond to the unprocessed, primary products of UL26.5 (designated ICP35c and d; Liu & Roizman, 1991 b) which are larger than the form found in B capsids (VP22a), whereas infection with AcUL26 generated two novel bands of M r 42K and 25K corresponding to VP21 and VP24 respectively (Fig. 1, lane 5) which represent the C-and Nterminal portions of the UL26 gene product.
Assembly of HSV-1 capsid structures in recombinant baculovirus-infected cells
To determine whether expression of the six HSV-1 capsid protein genes would suffice for capsid assembly in insect cells, monolayers of Sf21 cells were co-infected with 5 p.f.u./cell of each recombinant baculovirus. The cells were then prepared for electron microscopy and examined in thin section for the presence of recognizable HSV-1 capsid structures. As shown in Fig. 2(b) characteristic HSV-1 capsids were readily observed which appeared indistinguishable from those produced in HSV-1-infected BHK cells (Fig. 2a) . No similar structures were present in uninfected ceils, in cells infected with the parental AcPAK6 virus or in cells singly infected with any of the recombinant baculoviruses (data not shown).
To assess the contribution of each of the capsid proteins to the capsid structure, cells were infected with various combinations of the recombinant baculoviruses. In an initial experiment where AcUL35 was omitted, apparently normal HSV-1 capsid structures were produced (Fig. 2c) indicating that VP26 is not essential for capsid assembly. AcUL35 was therefore excluded from all the following analyses.
Monolayers of Sf21 cells were co-infected with all combinations of four of the five other recombinant baculoviruses and prepared for electron microscopy. The protein profiles of duplicate samples infected at the same time were determined by SDS-PAGE to confirm that all the expected proteins were being made. In the following descriptions the prefix A is used to indicate which of the recombinant baculoviruses was omitted in addition to AcUL35.
(i) AAcUL18, AAcUL19 and AAcUL38
In cells lacking VP23 (Fig. 2 e, Fig. 3 lane 3) , VP5 (Fig.  2f, Fig. 3 lane 4) or VP19C (Fig. 2g, Fig. 3 lane 7) no HSV-1 capsids could be observed. However, in each case, regular structures, which appeared as 40 to 60 nm diameter rings, were present. These structures, which presumably represent spherical shells, were often present in great abundance and frequently formed semi-crystalline arrays. This was true for each of the three combinations mentioned but the example shown was obtained with AAcUL38 ( Fig. 2g) . Similar structures were occasionally observed in cells infected with all five recombinant baculoviruses in which apparently normal capsids were also present (Fig. 2d) . Whereas in most cells they were confined to the nucleus they were found in the cytoplasm in a proportion of cells from all three cases (Fig. 2h) .
(ii) AAcUL26, AAcUL26.5 and AAcUL26/AAcUL26.5 When AcUL26, which encodes the protease, was omitted, large numbers of recognizable capsid structures continued to be made (Fig. 2i) . However, the appearance of these capsids differed from those made in the presence of the protease by virtue of the larger diameter of their cores (compare Fig. 2b and i) . This resembles the situation found in BHK cells infected at non-permissive temperatures with the HSV-1 mutant tsl201 (Fig. 2j) . The lesion in ts1201 maps to UL26 and results in an inactive protease which fails to process VP22a. The effect of omitting AcUL26 is similar and only the uncleared immature forms of VP22a were present in the AAcUL26-infected cells (Fig. 3, lane 5) .
Some apparently intact capsid shells were also observed in experiments where AcUL26.5 was omitted Fig. 2 . Capsid assembly in recombinant baculovirus-infected cells. BHK cells infected with 5 p.f.u./cell of HSV-1 strain 17 or tsl201 were incubated at 38.5 °C for 24 h. Sf21 cells infected with different combinations of recombinant baculoviruses (each at 5 p.f.u./cell) were incubated at 28 °C for 48 h. The six recombinant baculoviruses used were AcUL18, AcUL19, AcUL26, AcUL26.5, AcUL35, AcUL38 and the prefix A is used here to indicate which viruses were omitted from the mixture of recombinant baculoviruses used to infect each of the following samples. Panels (a) to (1) absolutely required for capsid assembly, experiments were performed to determine the effect of omitting both simultaneously. Surprisingly, structures resembling incomplete and distorted capsid shells were also observed under these circumstances (Fig. 21 ). Although these forms were obviously aberrant, this indicates that the outer capsid shell proteins alone have some intrinsic ability to self-assemble in the absence of the scaffolding proteins. ( Fig. 2k, Fig. 3 lane 6 ). This result is surprising since the VP22a scaffold protein is a major constituent of B capsids. However, the majority of the structures observed in these samples had the appearance of incomplete or damaged shells suggesting that capsid assembly in the absence of VP22a is inefficient. Since neither UL26 nor UL26.5 appeared to be
VP19C
Capsid purification
To analyse the protein composition of capsids produced in the recombinant baculovirus-infected cells, SDS-P A G E was performed on samples purified on sucrose gradients. Suspension cultures of infected cells (150 ml) were prepared and at the time of harvesting 10 ml was withdrawn and retained for S D S -P A G E analysis (data not shown). The remaining sample was used to prepare capsids as described in Methods. The capsids made using the combination of AcUL18, AcUL19, AcUL26, AcUL26.5 and AcUL38 banded in the same position as B capsids from HSV-l-infected BHK cells ( Fig. 4a and  b) . Negative staining revealed that they were icosahedral in structure and appeared essentially identical to normal B capsids ( Fig. 4c and d) . Examination of their S D S -P A G E profiles (Fig. 5) indicated that all of the proteins apart from VP26 were present. Furthermore VP21, VP24 and VP22a were of the sizes expected for the processed forms demonstrating that normal cleavages had occurred. Of particular interest was the fact that the relative abundances of the capsid proteins (in particular the ratios of VP22a to VP21 and VP24) were similar in the HSV-1 and recombinant baculovirus-derived capsids. This suggests that the factors controlling the incorporation of the proteins into the capsid are inherent in the proteins themselves and are not influenced by external factors.
D i s c u s s i o n
Although the protein composition of HSV-1 capsids has been known for a long time it is only recently that all the genes encoding the capsid proteins have been identified (Rixon et al., 1990; Davison et al., 1992; McNabb & Courtney, 1992; Person et al., 1993; Weinheimer et al., 1993) . However, although the genes responsible for the structural proteins were known the possibility remained that other proteins which were not capsid components were required for capsid assembly. The close similarity in appearance and composition between the recombinant baculovirus-derived capsids and HSV-1 B capsids suggests that the baculovirus system constitutes an effective model for capsid assembly. An important consequence [aSS]Methionine-labelled capsids from HSV-I strain 17-infected BHK cells (a) and from Sf21 cells co-infected with 10 p.f.u./cell of the recombinant baculovirnses AcUL18, AcUL19, AcUL26, AcUL26.5 and AcUL38 (b) were isolated and sedimented through a 5 to 40 % sucrose gradient as described in Methods. Successive eight-drop fractions were collected from the bottom of the gradient. Aliquots (50/~1) of each fraction were taken for TCA precipitation and scintillation counting. The positions of HSV-1 A, B and C capsids are indicated on (a). On (b) the peak of AcPAK6 baculovirus capsids is marked BV and the peak of recombinant baculovirus-derived HSV capsids is marked RC. Following removal of samples for counting and SDS-PAGE (Fig. 5) , the peak fractions (10 and 11) in each gradient were pelleted, stained with 1% sodium silicotnngstate and examined by electron microscopy. Panel (c) shows HSV-1 B capsids prepared from the gradient shown in (a); (d) shows the recombinant baculovirus-derived capsids (RC) from the gradient in (b). The bar marker represents 200 nm.
of the work described here, therefore, is the confirmation that the HSV-1 capsid proteins alone contain all the information necessary to direct capsid assembly.
The finding that capsid assembly did not take place in the absence o f VP5, V P I 9 C or VP23 agrees with studies on HSV-1 mutants showing that these three proteins are essential for capsid assembly (Weller et al., 1987; Pertuiset et al., 1989; Desai et al., 1993) . This is not surprising in view o f their proposed roles in forming the major structural components of the outer capsid shell, namely the hexons and pentons (VP5) and the trivalent connections which link them (VP23 and VP19C). Interestingly, although no capsids were observed in samples from which these proteins were absent, large numbers of smaller ring-like structures were present (Fig.  2 e, f and g ). These had diameters o f approximately 40 to 60 n m and bore a close resemblance to the internal scaffold found within B capsids (see Fig. 2a ). Although no similar structures were seen in cells infected with either A c U L 2 6 or A c U L 2 6 . 5 alone (data not shown) it is tempting to conclude that the structures produced by the recombinant baculoviruses represent free scaffolds. N e w c o m b & have shown that VP22a prepared from purified capsids can self-assemble into 60 n m diameter spheres which resemble the B capsid cores from which the protein is derived. In phage T4, use of mutants defective in coat protein synthesis or in coat assembly has shown that formation of naked scaffolding cores (comprising one major and seven minor proteins) does not depend on the presence of the coat proteins. Rings (25 nm diameter) which have been suggested to be free cores, are a feature of cells infected with certain ULI9 mutants of HSV-1 which are defective for capsid assembly (Schaffer et al., 1974) . However, no similar structures were described for mutants in genes UL 18 and UL38 which also fail to assemble capsids (Pertuiset et al., 1989; Desai et al., 1993) . The naked T4 cores can mature into T4 proheads through addition of shell proteins (Kuhn et al., 1987) but at present there is no evidence that free HSV-1 cores possess a similar ability. The absence of AcUL35 had no obvious effect on the formation or appearance of the capsids. This observation is compatible with a location for VP26 on the outer tips of hexons (W. Chiu, personal communication) from which it can be removed without destroying the overall integrity of the outer capsid shell (Newcomb et al., 1993) . Thus VP26 is not required for capsid stability and its location suggests that it is probably added after the basic capsid structure is completed and is unlikely to play a central role in capsid assembly.
A more complex series of results were obtained when the proteins involved in scaffold formation were excluded from the experiments. The similarity between the capsids in the AAcUL26 sample and in cells infected with ts1201 at non-permissive temperature is particularly reassuring. The tsl201 lesion maps within UL26 and affects the activity of the protease which fails to process VP22a to its mature form (Preston et al., 1983 (Preston et al., , 1992 . The baculovirus experiment effectively mimics this situation since, in the absence of AcUL26, the capsids can contain only unprocessed forms of VP22a. This supports the conclusion that the large-cored phenotype is due to the presence of unprocessed VP22a and confirms that processing of VP22a is not a precondition for capsid assembly. However, the baculovirus experiment provides additional information since large numbers of capsids continued to be made in the complete absence of the UL26 proteins. Previously we had suggested that the unusual structure of the UL26 protein, which shares its C-terminal sequences with UL26.5 but has unique Nterminal sequences, would allow it to form the connection between the scaffold and the outer capsid shell (Rixon, 1993) . However, it is clear from the present experiments that interactions between the scaffold and the outer capsid shell do not depend on the presence of the unique N-terminal sequences.
More surprising is the fact that a small number of apparently intact capsids were obtained in the AAcUL26.5 experiments. Unlike VP21 and VP24, VP22a is a major component of B capsids and its presumed function as a scaffolding protein might be expected to constitute an essential role. Presumably, this reflects the ability of the protease to cleave itself into Nterminal and C-terminal portions the latter of which (VP21) comprises the entire amino acid sequences of VP22a with a short N-terminal extension. The most likely explanation for the partial dispensability of VP22a is that VP21 can substitute for VP22a during capsid assembly. However, the substitution appears to be inefficient since the majority of the structures present under these conditions resembled partial and distorted capsid shells. The observation of similar structures in the AAcUL26/AAcUL26.5-infected cells implies that polymerization of the outer capsid shell subunits is independent of scaffold but that scaffold is necessary to ensure the process is correctly modulated.
A number of reports have noted the similarities between herpesvirus capsid assembly and that of the better understood bacteriophage systems. This relationship is even more striking when the results described here are taken into account. For example in the lambdoid phage P22 a double-shelled prohead is assembled consisting of an outer array of about 420 55K coat protein molecules surrounding an inner shell of about 250 molecules of the 42K scaffolding protein. Mutants in either protein gene prevent prohead formation. In cells infected with amber mutants in the coat protein gene no organized structures were observed, whereas small numbers of aberrant particles were present in cells infected with amber mutants in the scaffolding protein gene (King et al., 1973; Lenk et al., 1975; Earnshaw & King, 1978) . Using proteins purified from proheads, the assembly process could be reproduced and studied in vitro. Thus, when both proteins were present together, self-assembly of normal proheads occurred but in the absence of scaffolding protein the coat protein formed aberrant shell structures but only when present in concentrations much higher than were necessary to form normal proheads in conjunction with the scaffolding protein (Fuller & King, 1982) . The scaffolding protein did not form any structural units when present alone. As with HSV-1 B capsids, the P22 scaffolding protein could be chemically removed from proheads leaving a stable outer shell (Fuller & King, 1981; . Thus, in both P22 and HSV-1 the coat proteins are capable of a degree of self-assembly, but the assembly of morphologically correct capsids depends on the presence of the scaffold.
The close correspondence between the results obtained using the recombinant baculovirus system described here and our previous understanding of capsid assembly based on studies of wild-type and mutant herpesviruses suggests that observations made with the recombinant baculoviruses can be used to shed light on capsid assembly in HSV-l-infected cells. Thus, for the first time, the baculovirus-based approach provides us with a defined system which offers the potential for subjecting the process of capsid morphogenesis to intensive molecular biological analysis.
